We propose and demonstrate a new method to manipulate the Brillouin frequency shift in silica optical fiber by introducing a silica hollow optical fiber (HOF) waveguide structure. Propagation characteristics of acoustic waves guided along the HOF were theoretically analyzed, and the corresponding Brillouin frequency shifts were measured by a Brillouin optical-correlation domain-analysis system. We experimentally observed that Brillouin frequency shift v B monotonically increases as a function of the central air-hole radius, which showed good agreement with the simulation results. We confirmed that a precise control of Brillouin frequency shift can be obtained by controlling the waveguide parameters of the HOF. © 2009 Optical Society of America OCIS codes: 290.5830, 060.2310, 190.4370, 060.2400, 060.2370 In lightwave communication or sensor systems using optical sources with a narrow linewidth, a significant portion of the incident optical power is transferred from a forward-propagating input signal to a backward-propagating Stokes-shifted signal when the input power exceeds the stimulated Brillouin scattering (SBS) power threshold of the optical fiber [1] . SBS has been regarded as a detrimental factor in wavelength-division-multiplexing opticalcommunication systems [2] and high-power fiberlaser cavities [3] , and therefore various methods have been proposed to suppress SBS. On the other hand, SBS has been also extensively investigated for active applications such as distributed sensor systems [4], Brillouin amplifiers and lasers [5] , and recent slowand fast-light generation [6] . Whether SBS is regarded as a demerit or merit, it is important to control the key issues in SBS: the gain spectrum and the threshold.
In lightwave communication or sensor systems using optical sources with a narrow linewidth, a significant portion of the incident optical power is transferred from a forward-propagating input signal to a backward-propagating Stokes-shifted signal when the input power exceeds the stimulated Brillouin scattering (SBS) power threshold of the optical fiber [1] . SBS has been regarded as a detrimental factor in wavelength-division-multiplexing opticalcommunication systems [2] and high-power fiberlaser cavities [3] , and therefore various methods have been proposed to suppress SBS. On the other hand, SBS has been also extensively investigated for active applications such as distributed sensor systems [4] , Brillouin amplifiers and lasers [5] , and recent slowand fast-light generation [6] . Whether SBS is regarded as a demerit or merit, it is important to control the key issues in SBS: the gain spectrum and the threshold.
In the SBS process, Brillouin frequency shift B is a key factor in the Brillouin gain spectra (BGS). There have been various efforts to control B and BGS [7, 8] , but thorough studies on the SBS in air-silica waveguide structures have been very scarce.
In this Letter, we focus on the Brillouin frequency shift B and propose a new method to flexibly control B using a novel optical waveguide structure, a hollow optical fiber (HOF) [9] . HOF has a unique three-layered structure of the central air-hole, germanosilicate glass ring core, and fused-silica cladding, and the majority of the light is guided along ring core region (about 70%) [9] . The schematic structure and the index profile of the HOF are depicted in Figs. 1(a) and 1(c), respectively, along with a photograph in Fig. 1(b) . In comparison to prior solid-core single-mode fibers (SMFs), the central air hole of the HOF plays a key role in adjusting the acoustic response [10] . To theoretically investigate the influence of waveguide parameters of the HOF over the Brillouin frequency shift, solutions of the Navier equation [11] in the HOF boundary conditions should be obtained. The displacement vector u ជ in the HOF satisfies the Navier equation,
where is the density and and are the Lame's constants. The standard procedure to solve Eq. (1) is to express u ជ in terms of a scalar potential and a vector potential ជ . Once these functions are substituted as u ជ = ٌ + ٌ ϫ ជ , following two independent scalar and vector wave equations are obtained:
where V Li = ͓͑ +2͒ / ͔ 1/2 and V Si = ͑ / ͒ 1/2 are the longitudinal and shear velocities of the medium, re- spectively. Here, the index i =1,2 represent the ring core and the cladding, respectively. We assume that the acoustic wave is confined only in the silica-ring core and cladding, based upon the comparatively small Lame's constants in the central air-hole region. Assuming a z dependence of the form exp͑−i␤z͒ and a time dependence as exp͑it͒, Eq. (2) can be rewritten as
Assuming an infinite silica cladding, the acoustic phase velocity V should lie between V L1 and V L2 , as shown in Fig.  1(c) . After solving Eq. (4), we can obtain u r , u , u z :
where J 0 , N 0 , I 0 , and K 0 represent the Bessel and Neumann functions and the modified Bessel functions of first and second kind of order zero. A i and B i are the amplitude coefficients; ␤ is the propagation constant of the acoustic modes and denotes a derivative with respect to the radial position r. The displacement components u r and u z and the stress components have to be continuous at the boundaries across the HOF, from which the eigenvalue equation is obtained to provide V for the guided acoustic modes. The Brillouin frequency shift is then given as
where is the optical wavelength and n eff is the effective refractive index of the propagating fundamental optical mode. Note that n eff is bounded by n core and n cladding , as in Fig. 1(c) , and its numerical value was 1.44552 at 1550 nm.
To obtain the acoustic phase velocity, the 6 ϫ 6 determinant equation related to boundary condition has to be solved. A detailed procedure was represented in [11] . A numerical solution to the eigenvalue equation was obtained using the Newton-Raphson method [12] . The values of V L1 and V L2 were assumed to be 5546 and 5944 m / s, respectively. The diameter of the air hole was varied from 2 to 6 m, and b and c were fixed to 5 and 62.5 m as in Fig. 1(a) . The calculation results are summarized in Fig. 2 , and the experimental data were also presented in solid circles with error bars, which will be discussed later.
Measurement of Brillouin frequency shift was performed by a Brillouin optical correlation domain analysis (BOCDA) system using a single-sideband modulator (SSBM) [13] , as shown in Fig. 3 with a spatial resolution of 1 cm and a measurement accuracy of ±3 MHz. A tunable distributed feedback laser diode at a 1550 nm wavelength was used as a light source, which was split into two ways by a fiber coupler. The lightwave passing through port 1 was modulated by the SSBM to generate a frequencydownshifted probe wave, which went through a polarization switch (PSW) to average out the polarization-dependence of the BGS. The other lightwave passing through port 2, serving as the pump wave, was chopped by an electro-optic modulator (EOM) at the frequency of 4.919 MHz and launched into the fiber under test (FUT) through an optical circulator. The increase of the probe power due to the Brillouin gain was detected by a lock-in amplifier. We prepared the FUT by splicing both ends of an ϳ12-cm-long HOF with conventional SMFs, as shown in Fig. 3 . Using the BOCDA system, the BGS of the HOF was measured together with B of the SMFs as a reference. The central hole diameter of the HOF varied from 2 to 4 and 6 m, and the corresponding average B the of HOFs were measured to be 10.464, 10.478, and 10.500 GHz, which are lower than 10.838 GHz for the SMF. The BGS for three types of the HOFs are summarized in Fig. 4 . The lower B in the HOF than that of the SMF was clearly observed as in Fig. 4(a) , which is attributed to the presence of the air-hole layer. The unique boundary condition of HOF, that the stress components should be zero at the interface between the ring core and the air hole, alters the eigenvalue equations of the acoustic wave, and subsequently a slower acoustic phase velocity is obtained. The effect of the air hole is also responsible for the significant reduction of Brillouin gain peaks in Figs. 4(b)-4(d) . For a fixed cross-sectional area for the ring core, the ring-core thickness decreases as the hole diameter increases, which reduces the guiding properties of both acoustic and optical waves along the ring to result in a weaker interaction between them. It is also noteworthy that we could not find any dominant excitation of other modes, which can result in second or third peaks in BGS as a varying geometrical parameter.
The experimentally measured B terms are overlaid with the theoretical analysis in Fig. 2 . Overall tendency of experimental results agreed well with theoretical analysis. The discrepancy between experimental and simulation results are attributed mainly to neglect of other acoustic modes, such as torsional, flexural, and higher-order longitudinal modes in the numerical analysis. An adiabatically collapsed air hole at the splicing points of SMF-HOF-SMF, shown in Fig. 3 , also could have contributed to measurement error.
In conclusion, we analyzed the acoustic wave propagation and the BGS in HOFs, both numerically and experimentally. Numerical analysis predicted monotonic increase of B in the range from 10.464 to 10.500 GHz for the hole diameter range of 2 to 6 m. Brillouin frequency shifts and gain spectra were measured using a BOCDA system, and it showed a good agreement with the numerical analysis. We confirmed that, in HOFs, Brillouin frequency shift can be controlled precisely, which can provide a new degree of freedom to design fiber-optic SBS applications. 
